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generating considerable interest around the world. The purpose of this study is to provide an integrated 
assessment of microalgae potential as a source of biofuels, while comparing its costs with that from other 
emerging biofuel technologies. This article emphasizes the importance of emerging United States and 
European Union energy policies that will encourage the development of innovative, and sustainable 


Keywords: technologies in their respective regions. An ample review of the scientific literature was carried out, 
en i contributing to the analysis of cost, economic and technical indicators. The results obtained allowed the 
ad s detection of important gaps of information that need to be filled, in order to guide future investment 
Policies decisions concerning this rising technology. 
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1. Introduction 


Emerging technologies hold great promise and high risk, being 

a challenge to determine which emerging technologies have the 

m Gateepe nding author. Tel.: +351 917326212. best chance of becoming industry changing and commercially 
E-mail addresses: lribeiro@inescc.pt (L.A. Ribeiro), patsilva@fe.uc.pt (P.P.d. Silva). successful. In this article we contribute with a comprehensive set 

1 Tel.: +351 239 790 577. of information that will be key for a deeper techno-economic 
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analysis of next-generation biofuel technologies, with an original 
focus on microalgae. 

Advanced biofuels are defined by the American Energy Inde- 
pendence and Security Act of 2007, as being “renewable fuels, other 
than ethanol derived from corn starch, that have lifecycle greenhouse 
gas emissions that achieve at least a 50 percent reduction over 
baseline lifecycle greenhouse gas emissions”. They include cellulosic 
ethanol, biomass based biodiesel, and other unspecified types of 
biofuels other than conventional corn-based ethanol and vegeta- 
ble oil-based biodiesel. In this article we are analyzing microalgae 
specificities, bringing evidence on current costs provided by 
different authors. This paper is structured as follows. In the first 
section, we provide a literature review on the ascending relevance 
of microalgae for biofuels. Secondly, we present a brief review of 
some theoretical ideas of innovation adoption and diffusion and it 
is followed by an overview of recent investments and policies in 
both United States and European Union. Subsequently, the 
research methodology is presented describing sample selection, 
used data analysis and scrutiny of results. At last, final remarks 
are drawn. 


2. The rise of microalgae for biofuels 


A set of articles can be found in the literature evidencing the 
technical feasibility of growing algae for biofuel production [1-17], 
in which the majority of them demonstrate the absence of the 
major drawbacks associated with current 1st generation biofuels. 
For example, the most common drawback pointed out of 1st 
generation biofuels as being the affect on food prices due to 
massive arable land use. 

Microalgae are microscopic organisms that are found in both 
marine and freshwater. These organisms use solar energy to 
combine water with carbon dioxide (CO2) to create biomass [9]. 
The mechanism of photosynthesis in microalgae is similar to 
higher plants, with the difference in efficiency, microalgae are 
capable of producing 30 times as much oil per unit of land area as 
compared to terrestrial oilseed [9]. This technology uses the oils 
from microalgae as the raw material to produce biofuel. 

In autotrophic microalgae cultivation, carbon dioxide must be 
fed constantly during daylight hours. Algae biodiesel production 
can potentially use some of the carbon dioxide that is released in 
power plants by burning fossil fuels. This CO, could be available at 
little or no cost [2]. However, the fixation of waste CO, of other 
sorts of business could represent an important source of income to 
the algae industry. Although this is a very promising future 
possibility, and some species have proven to show themselves 
capable of using the flue gas as nutrients, there are few species 
that survive at high concentrations of NO, and SO, present in these 
gases [18]. 

The nutrients for the cultivation of microalgae (mainly nitrogen 
and phosphorus) can be obtained from liquid effluent wastewater 
(sewer); therefore, besides providing its growth environment, 
there is the potential possibility of waste effluents treatment 
[19,20]. This could be explored by microalgae farms as a source 
of income in a way that they could provide the treatment of public 
wastewater, and obtain the nutrients the algae need. 

After the process of extracting the oil from algae, the resulting 
product can be converted to biodiesel. The biodiesel produced 
from algal oil has physical and chemical properties similar to 
diesel from petroleum, to biodiesel produced from crops of 1st 
generation and compares favorably with the International Biodiesel 
Standard for Vehicles (EN14214) [3]. 

Commercial algae production facilities employ both open and 
closed cultivation systems. Each of these has advantages and 
disadvantages, but both require high capital input. In the surveyed 


literature neither open ponds nor closed photobioreactors (here- 
after PBR) seem to be mature technologies. Therefore, until large- 
scale systems are built and operated over a number of years, many 
uncertainties will remain [21]. 

Like a refinery, it is still possible to obtain other products in the 
cultivation of microalgae, such as ethanol, methane and biohydro- 
gen. The latter is being largely studied but still much work has to 
be done toward commercialization [22-25]. Therefore, they are 
possible proven processes in the laboratory, but still lack applied 
studies in industrial scale to become viable options. 

As of today, it has been shown that it is scientifically and 
technically possible to derive the desired energy products from 
algae in the laboratory. The question lies, however, in whether it is 
a technology that merits the support and development to over- 
come existing scalability challenges and make it economically 
feasible [26]. Additionally, the basic economic motivation for 
biofuels is that they are a convenient, low-priced, domestically 
producible and a substitute for oil, an energy source that is getting 
costlier and it is mostly imported from politically volatile regions 
[27]. Economic feasibility is believed to be currently the main 
hurdle to overcome for this technology. Current costs associated to 
both the state of the science and technologies are sizeable and 
represent a main factor hampering development. 


3. Innovation and diffusion of emerging technologies 


High costs often prevent the market diffusion of novel and 
efficient energy technologies. As microalgae biofuel is not a 
mature technology, it becomes important to provide a revision 
of technological innovation and diffusion aspects to enlighten 
some available options that may help overpass the barriers found 
by innovative technologies. 

It is widely recognized that modern economic analysis of 
technological innovation originates fundamentally from the work 
of Joseph Schumpeter [28], who stressed the existence of three 
necessary conditions for the successful deployment of a new 
technology: invention, innovation and diffusion. His seminal work 
has been constantly referred by many authors [29], and each of 
keywords represent different aspects, in particular: invention 
includes the conception of new ideas; innovation involves the 
development of new ideas into marketable products and pro- 
cesses; and diffusion, in which the new products and processes 
spread across the potential market. 

Emergent technologies are relatively expensive at the point of 
market introduction but eventually become cheaper due to 
mechanisms such as learning-by-doing, technological innovation 
and/or optimization, and economies of scale. The combined effects 
of these mechanisms are commonly referred to as technological 
learning. Over the last decades, learning theories combination 
with evolutionary economics have led to the innovation systems 
theory that expands the analysis of technological innovation, 
covering the entire innovation system in which a technology is 
embedded. In particular, “An innovation system is thereby defined 
as the network of institutions and actors that directly affect rate 
and direction of technological change in society” [30]. 

In the emerging energy technologies field, there is a strong 
need to influence both the speed and the direction of the 
innovation and technological change. With that in mind, policy- 
makers are putting their efforts on lowering the costs of renewable 
energy sources to support the development of renewable technol- 
ogies, either through direct means such as government-sponsored 
research and development (R&D), or by enacting policies that 
support the production of renewable technologies. It is well 
documented [31,32] that both higher energy prices and changes 
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in energy policies increase inventive activity on renewable energy 
technologies [33]. 

As noted by [33], the higher costs of renewable energy 
technologies suggest that policy intervention is necessary to 
encourage investment. Otherwise, in the lack of public policy 
favoring the development of renewable energy, production costs 
remain too high and they do not represent an option in replacing 
fossil fuels. 

Policies to foster innovation should not only focus on the creation 
and supply of new technologies and innovations, but also on the 
diffusion and take-up of green innovations in the market place. Such 
policies need to be well designed to ensure that they support and do 
not distort the market formation, and should be aligned with 
competition policies and international commitments [34]. 

With this purpose, several government policies have been 
introduced in the energy markets worldwide in an effort to reduce 
costs and accelerate the market penetration of renewables. 
Although the effectiveness of alternative policies to encourage 
innovation still needs to be tested empirically, it is expected that 
these policies will stimulate innovation in renewable energy [35]. 

In Section 4, some of the policies that could enhance the 
development of microalgae biofuels are, therefore, revised. 


4. Recent investments and policies 


Impressive biofuel support policies have in recent times been 
adopted in both the United States (with projected production 
of 60 billion 1 of second-generation biofuel by 2022) and the European 
Union (with 10% renewable energy in the transport sector by 2020). 
Due to the magnitude of the two markets and their sizeable biofuel 
imports, the U.S. and EU mandates could become an important driver 
for the global development of advanced biofuels, since current 
scenarios from the International Energy Agency (IEA) evidence a 
shortfall in domestic production in both the U.S. and EU that would 
need to be met with imports [35,36]. 

Although algae biofuels are not yet fully competitive in the 
biofuel market, many venture capital firms had made recent 
investments in algae fuel ventures [37]. Accordingly, a set of 
policies to assist the development of microalgae technology is 
being created and constantly improved. These policy incentives 
aim at increasing renewable energy deployment, in latu sensu, and 
subsequently will promote development in the algae industry. 

In this context, the U.S. Department of Energy published on 
May 2010 important information for the U.S. policy trends in the 
“National Algal Biofuels Technology Roadmap”. This document 
represents the output of the National Algal Biofuels Workshop 
held in Maryland in 2008, and was intended to provide a 
comprehensive roadmap report that summarizes the state of algae 
biofuels technology and documents the techno-economic challenges 
that have to be met and taken into account before algal biofuel can be 
produced commercially. 

Afterwards, the US Environmental Protection Agency (USEPA) 
suggested revisions to the National Renewable Fuel Standard 
program (RFS). The proposed changes intended to address changes 
to the RFS program as required by the Energy Independence and 
Security Act of 2007 (EISA). The revised statutory requirements 
establish new specific volume standards for cellulosic biofuel, 
biomass-based diesel, advanced biofuel, and total renewable fuel 
that must be used in transportation fuel each year. The regulatory 
requirements for RFS will apply to domestic and foreign producers, 
and importers of renewable fuel [37]. 

While cellulosic ethanol is expected to play a large role in 
meeting the 2007 American Energy Independence and Security 
Act (EISA) goals, a number of next generation biofuels show 
significant promise in helping to achieve the 21 billion gal goal. 


Of these candidates, biofuels derived from algae, particularly 
microalgae, have the potential to help the U.S. meet the new 
Renewable Fuels Standard (RFS) while at the same time moving 
the nation ever closer to energy independence [35]. 

To accelerate the deployment of biofuels produced from algae, 
The American President Obama and The U.S. Secretary of Energy 
Steven Chu announced on May 5th, 2009, the investment of US 
$800 millions on new research on biofuels in the American 
Recovery and Renewal Act (ARRA). This announcement included 
funds for the Department of Energy Biomass Program to invest in 
the research, development, and deployment of commercial algal 
biofuel processes [38]. The funding will focus on algal biofuels 
research and development to make it competitive with traditional 
fossil fuels as well as the creation of a smooth transition to 
advanced biofuels that use current infrastructure. These policy 
trends are aligned with the focus of the majority of the countries 
presented in our set of chosen papers (Table 2). 

Meanwhile, in order to promote the use of energy from 
renewable sources, the European Parliament published on April 
2009, the Directive 2009/28/EC, which establishes a common 
framework for the promotion of energy from renewable sources, 
as well as it, establishes sustainability criteria for biofuels and 
bioliquids [39]. 

By the end of 2010, a communication from the European 
Parliament has set the strategy for a competitive, sustainable 
and secure energy future by 2020. The Strategic Energy Technol- 
ogy (SET) Plan sets out a medium term strategy valid across all 
sectors. Yet, development and demonstration projects for the main 
technologies (e.g. second generation biofuels) must be speeded up 
[36]. The European SET-Plan lists several energy technologies, 
which will be required to bring together economic growth and a 
vision of a decarbonized society. It states that advanced biofuels, 
namely microalgae, are supposed to play a significant role. 
EU energy policy aims to represents a green “new deal”, which 
will hopefully enhance the competitiveness of EU industry in an 
increasingly carbon-constrained world. However, in our dataset it 
was possible to include only three European studies. In the 
forthcoming years it is expected a rise in the volume of European 
available data, due to both the strong European transport energy 
policy drivers and scenarios made available by the International 
Energy Agency (IEA) regarding Energy Technologies Perspectives 
2010. In this sense, incentives and targets are to be met as well as 
the witnessing of a higher proliferation of pilot stage algae 
installations in this highly oil dependent continent. 


5. Environmental impacts for tranpostation fuels 


Among diverse crop types, biofuel production can be obtained 
from several sources, as some listed in Table 1. However, the 
environmental impacts of each crop type choice cannot be ignored 
and the same applies to land-use requirements. 

Comparing to other biofuel feedstock sources, algae-based 
biofuels present several advantages. These advantages include: 
(a) capability of producing oil during all year long and with 
superior efficiency, therefore the oil productivity of microalgae is 
greater compared to the most efficient crops; (b) producing in 
brackish water and on not arable land [41]; not affecting food 
supply or the use of soil for other purposes [2]; (c) possessing a 
fast growing potential and several species have 20-50% of oil 
content by weight of dry biomass [2]; (d) Regarding air quality, 
production of microalgae biomass can fix carbon dioxide [2]; (e) 
nutrients for its cultivation (nitrogen and phosphorous, mainly) 
can be obtained from sewage, therefore there is a possibility to 
assist the municipal wastewater treatment [19,20]; (f) growing 
algae do not require the use of herbicides or pesticides [42]; 
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Table 1 


Comparison of biofuel feedstock environmental impacts for transportation fuels (adapted from [40]). 


Crop Type Corn Sugar cane Switch grass Wood Soybeans Rapeseed, Algae 
residue Canola 
Use of resources Water High High Med-Low Med High High Med 
during Fertilizer High High Low Low Low-Med Med Low 
growing, Pesticide High Med Low Low Med Med Low 
harvesting and Energy High Med Low Low Med-Low Med-Low High 
refining of fuel 
GHG emissions* (kg of CO. 81-85 4-12 -24 N/A 49 37 -183 
per mega joule of energy 
produced) 
Opportunities and Technology ready Technology ready; It will not Technology Technology Technology Potential for huge production 
challenges and relatively limited as to where it compete with ready; ready; ready; levels and it will not compete 
cheap; reduces will grow; reduces food crops; reduces reduces reduces with food crops; technology not 


food supply. food supply. 


ready. 


technology not 


food supply. food supply. food supply. fully ready for scale up. 


* Emissions produced during the growing, harvesting, refining and burning. Gasoline is 94, diesel is 83. 


(g) algae can also produce valuable co-products, as proteins and 
biomass after oil extraction, that can be used as animal feed, 
medicines or fertilizers [3,10], or fermented to produce ethanol or 
methane [5]; (h) biochemical composition of algal biomass can be 
modulated by different growth conditions, so the oil yield can be 
significantly improved [43]; and (i) Capability of performing the 
photobiological production of “biohydrogen” [22-25,44]. 

Compared to other biofuel technologies, the most favorable 
factors for the cultivation of microalgae for the production of 
biofuels is that they can be grown in brackish (salt) water, on non- 
fertile land and the oil yield production is far superior. 

Although there is a possibility for microalgae to turn into an 
important source of biofuels, many challenges may halt the 
development of algae-based biofuels to become commercially 
viable. Based on literature, the most important are: (a) The 
selection of species must balance the requirements for biofuel 
production and extraction of valuable by-products [6]; (b) There 
are few commercial cultivating “farms”, so there is a lack of data on 
large-scale cultivation [7]; (c) Impossibility of introducing flue gas 
at high concentrations, due to the presence of toxic compounds 
such as NOx and SOx [16]; (d) Choosing algae strains that require 
fresh water to grow can be unsustainable for operations on a large 
scale and exacerbate fresh water scarcity [21]; and (e) the price is 
still too high to compete with fossil fuels. 

In order to mitigate issues concerning the economical side of 
algae biofuels, a review of algae-based biofuels costs was made 
and it is detailed in Section 6 of this article. 


6. Review of algae-based biofuels economics 
6.1. Methods 


This section presents the main findings from a comprehensive 
literature review carried out on algae-based biofuels production 
costs throughout the world. The search was conducted with a 
focus on available scientific papers to gather studies that have 
been published during the last 2 decades containing detailed 
information on the methodology, assumptions and data used. 
The selected studies main results are summarized in Table 2. The 
selected papers were the ones that shared common characteristics, 
namely providing simultaneous information about the 9 elected 
costs and technical specific indicators. Several other articles, 
although equally relevant, were withdrawn from our sample 
because they did not comply with our current data systematiza- 
tion and others were excluded due to lack of transparency or 
sufficient quantitative information. It is also important to notice 


that not all studies present the cost of production in the same 
manner. Some present the costs of producing algal biomass and 
others the costs of producing oil, as illustrated in Table 2. For some 
surveyed studies, the original outcomes were further calculated to 
express the results in dollars, kg and liters. A dataset was built 
with the above-mentioned methodology and comprised specific 
cost related indexes, presented and analyzed in the next section. 
We believe this to be a novel and useful addition to the field of 
economics of microalgae. 


6.2. Analysis of surveyed studies 


6.2.1. Oil by weight 

Microalgae produce storage lipids in the form of triacyl- 
glycerols (TAGs). The percentage of lipids is strongly dependent 
depending on the species or on how the cultivation process is 
made, as many microalgae species can be induced to accumulate 
substantial quantities of lipids. In this study, not all reviewed 
studies expressed the percentage of oil by weight of biomass, 
but analyzing those that provide these numbers, it is clear 
the wide range of values that can be achieved. The percentages 
of oil by weight varied from 10% to 60% and there was not a 
clear correlation between price and oil by weight in the selected 
studies. 


6.2.2. Oil yield 

Similarly, there were verified significant variations among oil 
yields from different authors. This was an expected outcome due 
to the utilization of different species and cultivating techniques. In 
spite of being an expected result, it is an important data for 
comparing species, techniques and costs among the studies, for 
example to select the more adequate species for cultivation. On 
the other hand, these comparisons have to be made carefully, due 
to different units that the results are represented. 


6.2.3. Cost per liter of oil 

This item is one of the main issues of algae biofuel nowadays, if 
not the most important one. Every effort is being made to reduce 
this figure, so that algae biofuel can be more competitive and can 
be a viable alternative in of transportation fuels market. The data 
vary widely from study to study, with conclusions stating that it is 
economically feasible or impossible to be competitive. The prices 
shown are not normalized for today prices, as they represent what 
authors found at that point of time. The economical feasibility of 
microalgae is one of the main drawbacks of this technology for 
producing biofuels. Algal biodiesel has to be cheap to compete 
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Table 2 
Published costs for algal biomass and biodiesel production: relevant data, processes and key results. 
Authors Year Oil by Oil yield Cost per Cost per Kg of Type of Culture Co- CO, paid) Commercial Country 
weight liter of oil dry biomass production products free/ 
(L7!) (kg!) revenue 
Gladue and 1994 50% 20 g.L7! d7! NM $12 Fermentor N. alba No NM No USA 
Maxey [45] 
Benemann 1996 50% 30 g m°? d7! $0.43 $0.24 Open NM Yes Paid Yes USA 
and Oswald 
[46] 
Sheehan etal. 1998 40% 67,5 mt/ha/yr  $0.63-1.01 NM Open NM No Paid No USA 
[9] 
Lee [47] 2001 NM 25 g m? d7! NM $8-15 Open NM No NM Yes Singapure 
Benemann 2002 NM 33 g m? d7! NM $0.1 Open NM No Free No USA 
et al. [48] 
Molina Grima 2003 10% 1.25 kg m°? d! NM $32.16 PBR Phaeodactyum No Paid No Spain 
et al. [49] 
Behrens [50] 2005 NM 5.8 gL! d7! NM $2.01 Fermentor NM No NM Yes USA 
Moheimani 2005 33% 0.54gL'd-' NM $7.55-14.56 Open and 5 species of Yes Paid No Australia 
[51] PBR coccolithophorids 
Harmelen 2006 30% 27gm?d! $1.06 $0.29 Open NM Yes Free No Netherlands 
and Oonk 
[52] 
Chisti [2] 2007 30% 72 and 32 g. $1.41 and $0.47 and $0.60 PBR and NM No Free No New Zeland 
m° d~! $1.81 Open 
Dmitrov [53] 2007 15-25% 0.14-0.33 L/m?/ $5.38 NM PBR NM Yes Free No USA 
yr 
Li, Xu and Wu 2007 44—48% 12.8- $2.40 NM Fermentor Chlorella No NM No China 
[54] 15.5 L7! d7! protothecoides 
Alabi, 2009 15%, 9.38, $14.44, $2.66, $7.32 and Open, PBR NM Yes Free No Canada 
Tampier 25%and 153gm 7d! $24.60and $1.54 and 
and Bibeau 50% and 50 gL"! $2.68 Fermentor 
[55] 
Pate [56] 2009 Vary Vary $2.38-449 Vary PBR and NM No Vary Vary USA 
and $5.28- Open 
10.30 
Williams and 2010 15-50% 18- $0.79-3.08  $0.36-$0.65 Hybrid NM Yes Free No UK 
Laurens 37 g m° d7! Open/PBR 
[57] 
Davis, Aden 2011 25% 25 g m°? d7! $2.25 and NM Open and NM No Paid No USA 
and and $4.78 PBR 
Pienkos 1.25 kg m” d7! 
[58] 


NM: Not mentioned. 


*For conversion, a barrel was calculated as 159 1, a US gallon 3.781 and currency conversions are: $ Aus/$ US=1.03 and €/$ US=1.4. 


with other biofuels and also with the currently dominant fossil 
fuels. Algal biodiesel has to be cheap to compete as a significant 
source of energy. According to [2], for algal biodiesel to potentially 
replace fossil fuels, it must be priced as follows: Caigai oil (per 
liter)£6.9 x 1073 x Cpetroleum (per barrel) For example, if crude oil is 
priced at US$107/bbl (price on February 28th, 2012) algal biodiesel 
must be priced lesser than US$0.74/L to offer a competitive 
alternative. Given the long-term uptrend in crude oil prices, the 
real competitive price level for algal biodiesel can be far higher 
and it could be nearer than predicted, although it is impossible to 
predict when that will happen. 


6.2.4. Cost per kg of dry algae biomass 

The cost per kg of dry algae biomass is an alternative measure 
for evaluating the economically feasibility of this technology, as it 
is the raw material from where the oils are going to be extracted. 
Likewise to the cost per liter of oil, there were verified significant 
variations among different studies, depending on the processes 
and procedures used to obtain it. 


6.2.5. Type of production and culture 

The types of production found were open ponds, photobior- 
eactors (PBRs) and using fermentors. Concerning the various 
algal species and strains, they vary from study to study, depending 


on location and culture techniques. For that reason it is not 
yet possible to predict what species or strain will be the 
best suited for commercial biofuel production, but it is most likely 
that it will differ from case to case, depending on the location, 
cultivation techniques chosen, processing technologies available, 
nutrients source, local climacteric conditions, among other poten- 
tial factors. 


6.2.6. Co-products 

Many of the authors refer the possibility of commercializing co- 
products generated in the production of algae biofuels. As stated 
before, algae can also produce valuable co-products, such as 
proteins, natural colorants, and biomass after oil extraction, that 
can be used as animal feed, medicines or fertilizers [3,10], or 
fermented to produce ethanol, methane or other biofuels [5]. 
Although this possibility is widely reported, just a few studies 
[46,51-53,55,57] looked with attention to this question and made 
financial calculations on the feasibility of producing biofuel and 
co-products together. This could be a promising opportunity to 
make algae biofuel more economically feasible. With the produc- 
tion of many products in algae cultivation (as it is done in a 
petrochemical refinery for fossil), technical and in particular 
economical efficiency can arise in the joint production of two or 
more products. If the cost of producing two products by one firm is 
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less than the cost of producing the same two products by two 
firms, the production process exhibits economies of scope [59]. 
Thus, it is expected a reduction in price of algae biofuels in the 
coming years if this approach is followed. Yet, when producing 
other co-products such as protein in conjunction with substantial 
amounts of biofuels, it is a potential threat the saturation of 
potential markets, due to the large amounts produced [53]. 


6.2.7. CO2 paid/free/revenue 

The input of CO, needed for most of the processes could be 
provided for free, with no financial counterpart, it could be bought 
(paid) or, some company that produces a considerable amount of 
CO2 could pay the algae biofuel producer to process this CO2. 
So far, this last option is just a possibility for future financial 
calculations, as all the studies surveyed or accounted CO, for free 
or paid for this gas. The existing and future carbon markets, 
coupled with more stringent limits of the emissions, may lead to 
companies increasingly paying to dispose off of their CO2 emis- 
sions, and this may represent a reduction in the productions costs, 
resulting in lower microalgae fuel prices. 


6.2.8. Commercial 

Most of the studies available in the open literature are based on 
small-scale laboratory experiments, not commercial facilities already 
selling algae biomass and/or biofuels. As most of the algae biofuel 
production so far was made in experimental facilities with low 
capacity of fuel production, and with many companies expanding 
their facilities, it is expected that this will lead to economies of scale, 
now that production is increasing and average costs of cultivating 
algae are falling (and marginal costs are below average cost) [55]. In 
this context, it is also expected that the efficiency of such companies 
rise. In this regard it is possible to differentiate “technical efficiency” 
and “economical efficiency”. Technical efficiency implies that the 
maximum output has been produced with a given set of inputs, 
giving that the most adequate technologies and processes are used. 
Economical efficiency implies that the maximum output has been 
produced at a given (opportunity) cost, or that a minimum (oppor- 
tunity) cost has been achieved for a given level of output [55]. With a 
large set of alternatives of inputs and outputs within a developing 
market such as the algae one, it can be complex and hard to achieve 
the technical and economical efficiency in the near future, but as the 
time goes by and the technology matures, better trends in production 
will arise. 

The sample of surveyed results was displayed chronologically, in 
order to assess the existence of any type of progress in the indicators 
values over a time frame of almost 20 years. However, there is no 
obvious evolution in the outcomes along the years, what reinforces 
the need for more research focused in the economical aspects of 
microalgae production. Few cost estimates are also available, what 
justifies the apparent shortness of our database. However, it can 
conclude that to reach commercial viability, costs will need to be 
substantially reduced. Given the early stage of this technology and its 
rapid development, cost reductions may indeed be possible. 

It is interesting to remark that only three papers have a focus 
on the European country, albeit being one of the biggest energy 
dependent continents in the world regarding oil consumption for 
transports. Therefore, this perception calls for an understanding of 
each country, or region, energy policy framework towards foster- 
ing renewables deployment for transport, what is briefly pre- 
sented in Section 4. 


7. Final remarks 


Biofuels play a vital role in meeting the energy needs of human 
beings. There is reason to believe they will continue to do so in the 


future albeit in a different manner. The basic economic motivation 
for biofuels is that they are a convenient, low-priced, domestically 
producible and a substitute for oil. In the presented survey it 
became clear that algae are now being intensively researched as a 
potential biofuel feedstock. In addition to their potentially high 
yields per unit land area, algae can grow in unsuitable land for 
agriculture, including industrial areas. Thus, their exploitation 
offers the possibility of a feedstock for producing biofuel that 
avoids damage to ecosystems and competition with agriculture 
associated with other biomass resources. Although many testing 
and start-up companies are in operation in several countries, cost 
information is scarce. Along the aforementioned literature review, 
a consensus was found that biofuels from algae are, in any case, are 
still at the research and development stage and face numerous 
obstacles related to energy and water needs, and productivity. 

Consequently, we revisited the recent developments in biofuel 
algae-based markets and their economic and environmental impacts. 
From a research and technology perspective, we stressed the 
importance of the US bio-energy policies and the European SET-Plan, 
as well as by the scenarios from IAE in 2010. These policies inform 
that several countries have introduced mandates and targets for 
biofuel expansion and, moreover, that production, international trade 
and investment have increased sharply in the last few years. 

The introduction of these new policies is essential for lowering 
the costs of algae biofuels, encourage investment and develop 
greater diffusion of this emergent technology. Otherwise, in the 
lack of public policy, currently production costs remain higher to 
replace fossil fuels. In the same manner, it is expected that these 
policies will stimulate innovation to tackle some of the problems 
in this emerging market. 

The problems concerning large-scale production of biodiesel from 
algal farms on non-arable land include inconsistent and insufficient 
algal productivities, uncertain capital and operating costs, volatile 
market prices and unknown levels of government support. Our 
survey permits to conclude that although intensive work is being 
done on many technological issues, economic studies and respective 
data are scattered, incomplete and divergent. Also, this paper 
provided both, a chronological perspective and an updated analysis 
of the production and economic conditions that are certainly going to 
have a profound effect on the success of this important alternative 
fuel production process. From our assembly of nine elected indica- 
tors, cost per liter of oil clearly appears to be a key determinant for 
eventual market success, in spite of the discrepancy of its proposed 
values and no clear trend of findings over time. 

With the onset of new policies, incentives and massive invest- 
ment in the private and public spheres, more researchers are 
forging new understanding in the science required to make algal 
biofuels economically feasible. 

By assessing the costs of different algae cultivation techniques, it 
is apparent that the current economic situation standpoint towards 
large-scale production of algae biodiesel has not yet seemed to be 
viable as a solution to displace petroleum-based fuels. In the present 
situation, the technology to efficiently produce biodiesel from 
microalgae is not competitive with more advanced and emerging 
renewable technologies. However, with policy support and incen- 
tives, we believe that the algal biofuel industry will continue to 
develop and assuming that this technology follows renewable energy 
cost trends, costs will decrease to eventual economic viability. In 
parallel, processes must be developed to reduce costs and increase 
production. In this respect, the currently fast rate of development of 
algae biofuel technology and the actual rising of petroleum-based 
fuels prices are encouraging algae-based biofuels feasibility in the 
next few years. 

Although our work does not bring an exhaustive review, our 
approach and filtering methodology embodies an innovative appraisal 
on significant works concerning the economic cost impacts of algae 
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biofuels. And more importantly, complete and reliable published 
economic or cost related data are scarce, revealing a gap in research 
that we hope further contributions like this will help overcome. 
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